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Shock compression of sapphire (Al2O3) and lithium fluoride (LiF) to pressures above 5 Mbar has
been observed to transform these transparent, wide band-gap insulators into partially degenerate liquid
semiconductors with optical reflectivities of several percent. Reflectivities rise steadily with shock
pressure up to 45% in sapphire at 20 Mbar and 20% in LiF at 13 Mbar. Using a simple model, the
electron scattering length was inferred to be approximately the interatomic distance. In addition,
several equation-of-state points at these pressures were measured.
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All insulators are expected to transform into metals at
high enough compression due to closing of the energy gap
in the density of states separating occupied and unoccu-
pied states [1]. Such pressure-induced gap closure will be
preceded by a stage when thermal excitation can excite
substantial numbers of electrons across the reduced gap
into unoccupied states. This is particularly relevant to
strong shock experiments where compression ratios of a
few are accompanied by temperatures of the order of an
eV— comparable to the band gaps of insulator materials.
For example, previous experiments on deuterium showed
that shock conductivity [2] increased gradually with tem-
perature, consistent with semiconducting-type behavior,
before reaching saturation where gap closure was in-
ferred. Reflectivity measurements showed that at satura-
tion the conduction electron density was characteristic of
a metal [3]. Both these studies required the a priori
assumption that the electron scattering length was equal
to the interatomic distance (the Ioffe-Regel limit). In
this paper we examine the effect of shock compres-
sion on sapphire (Al2O3) and lithium fluoride (LiF),
two wide band-gap, transparent dielectrics used exten-
sively in high-pressure studies. We develop a simple,
quantitative model to show how the observed onset and
gradual rise of optical reflectivity is driven by thermal
activation of electrons across a reduced energy gap in
the shocked liquid. The model establishes that the elec-
tron conductivity is pinned near the Ioffe-Regel limit
throughout the reflectivity rise and illustrates how,
for an electron conductivity-type measurement, the
semiconductor-metal transition at high temperatures can
be a smooth, continuous process.

Sapphire, or corundum, is a covalently bonded crystal
with a band gap of !9 eV. In diamond anvil cell (DAC)
experiments it is used in the form of ruby as a pressure
calibration standard [4], while in shock studies it is
important as a high-impedance, transparent window
[5,6]. The melting point of sapphire has been measured
up to 0.25 Mbar in a DAC [7] and is in agreement with
molecular dynamics (MD) simulations [8]. The equation
of state (EOS) of sapphire has been measured in shock
wave experiments up to 3.4 Mbar [9] where the material

was thought to still be solid but to have undergone a
polymorphic phase transition; later shock experiments
showed evidence of a phase transition at 0.79 Mbar [10]
that was consistent with the transition from the corundum
!-Al2O3 structure to the Rh2O3 (II) structure observed
in earlier DAC studies [11]. Lithium fluoride is an ionic
crystal with a band gap of !14 eV that has been used
extensively in shock experiments as a window because
of its ability to remain transparent up to > 1:6 Mbar [12].
A large discrepancy exists between the Hugoniot melt-
ing point of LiF measured in shock experiments
(2.8 Mbar) [13] versus that determined in heated DAC’s
(1.3 Mbar) [14]. The EOS of LiF has been studied up to
4.9 Mbar under shock compression [15]. With the use of
laser-induced shock wave techniques it is now possible to
substantially extend the range of pressures and tempera-
tures over which both these materials have been examined
thus far. In the experiments reported below, the optical
reflectivity of sapphire and LiF above 5 Mbar has been
measured and several equation of state points between 10
and 20 Mbar have been established.

This experiment was performed on the OMEGA laser
at the University of Rochester [16] using two laser pulse
types: a shorter 1 ns pulse to impulsively load the speci-
men and generate a decaying shock wave for reflectiv-
ity measurements over a wide pressure range and a
longer 3.7 ns pulse to produce a steady shock wave for
impedance-matching EOS studies. In the 1 ns pulse, 940 J
was delivered in two beams; in the 3.7 ns pulse, 1.7–2.1 kJ
was delivered in eight beams. The laser focal region was
smoothed using distributed phase plates, producing a
uniformly irradiated spot 800 "m in diameter. Targets
consisted of the test material (sapphire #0 " 3:97 g=cm3

and LiF #0 " 2:64 g=cm3), a stepped-aluminum pusher,
and a plastic ablator (see Fig. 1 inset for dimensions). The
sapphire was oriented in the z-axis direction (c cut) and
the LiF in the (100) direction. The aluminum pusher was
diamond turned to an rms surface roughness of less than
30 nm over 200 "m. Step heights were measured to an
accuracy of 0:2 "m. The front side of the aluminum was
coated with 20 "m of plasma polymer as an ablator to the
reduce x-ray generation at the laser-plasma interface.
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The shock diagnostic used was a line-imaging velocity
interferometer system for any reflector (VISAR) [17,18]
with a 400 "m field of view. Two VISAR instruments
with different velocity sensitivities [19] were used to re-
solve 2$ phase shift ambiguities at shock breakout.
The probe source was an injection-seeded, Q-switched
yttrium aluminum garnet laser, operating at a wavelength
of 532 nm with a stretched pulse length of !25 ns. Streak
cameras were used to detect the reflected probe signal
allowing time resolutions down to 10–15 ps. The streak
camera dynamic range limited the lowest detectable tar-
get reflectivity to a few percent since the camera also
needed to measure the 85% reflectivity of the aluminum.

Dielectrics shocked to Mbar pressures have been found
to strongly absorb optical wavelengths [13], a process we
have observed in sapphire and LiF. A further increase in

pressure eventually generates a reflecting shock front and
it is in this regime that we focus our experiments; because
the shock front is reflecting, the Doppler shift measured
by the VISAR is directly related to the shock wave ve-
locity. Three observables are extracted from the VISAR
data for each shot: the shock velocity in the initially
transparent dielectric versus time, as given by the fringe
shifts; the shock reflectivity versus time, as given by the
fringe amplitudes; and the average shock velocity in the
aluminum pusher, as given by the breakout times from
the top and bottom step. To determine EOS points we use
the impedance-matching technique with the SESAME
[20] aluminum EOS as the reference standard. Typical
uncertainties for the average shock speed in aluminum
were 1.5%–3% and dominate the errors in inferred pres-
sure and density. Uncertainties in the shock velocity
determined from fringe shifts are typically !1%. The
data are shown on pressure-density plots in Fig. 1.
Absolute reflectivity is determined by comparing the
shock reflectivity to that from the bare aluminum surface
which has a known reflectivity of 0:85# 0:05. The rela-
tive systematic error incurred in this process could be up
to 10% of the measured signal while the relative statistical
uncertainties in the reflectivity are also !10%. The mea-
sured reflectivity versus shock speed and pressure for a
decaying shock wave is shown in Fig. 2.

Comparing our Hugoniot data with various theoretical
models, as shown in Fig. 1, indicates that the SESAME
database (Table No. 7411 for sapphire and No. 7270 for
LiF) [20] provides a good description of the EOS of
sapphire and LiF between 10 and 20 Mbar. For sapphire,
the data are also consistent with both quotidian EOS
(qEOS) models [21,22]; for LiF the data appear to favor

    Us (Al)     Us (Al2O3)
     (µm/ns)      (µm/ns) 
29.27± 0.84  28.57± 0.23
26.99± 0.39  26.27± 0.22
22.19± 0.45  22.65± 0.28

    Us (Al)       Us (LiF)
     (µm/ns)       (µm/ns)
27.04± 0.69  29.26± 0.32
27.93± 0.72  29.55± 0.26
25.60± 0.47  26.61± 0.28
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FIG. 1. Hugoniot data and predictions for (a) sapphire and
(b) LiF. Data from this study (solid circles) are shown along
with predictions from SESAME [20] (solid lines), qEOS [21]
(dotted lines), and the modified qEOS [22] (dashed-dotted
lines). In (a) the fit to the data from Erskine [9] (diamonds),
given by Us " 8:74$ 0:96Up, is shown as a dashed line. In (b)
a best linear fit to the data from Al’tshuler et al. (diamonds)
and Kormer et al. [15] (triangles), given by Us " 5:18$
1:31Up, is shown by the dashed line. Insets show the target
dimensions and sample shock velocity profiles for the steady
shock wave (where time is measured from the start of the laser
pulse), along with the raw shock velocity data used to deter-
mine the EOS points.
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FIG. 2. Shock reflectivity as a function of shock speed in
sapphire and LiF as determined from a decaying shock wave.
Pressure values are calculated from the SESAME table. Error
bars are shown for two typical points on each data set. The inset
shows a portion of the VISAR image before and after shock
breakout for the decaying shock in sapphire.
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SESAME over qEOS, though, since the error bars repre-
sent 1% uncertainties, qEOS is still consistent with the
data. In the following discussion we will always use
SESAME to convert from shock velocity (our experi-
mental observable) to pressure, density, and temperature.

In the pressure range examined in our experiments,
both sapphire and LiF are likely in the liquid phase. For
LiF, previous experiments determined the melting pres-
sure to be at 2.8 Mbar or less [13,14], well below the
region probed in our studies. For sapphire, the melting
pressure on the Hugoniot has never been measured; how-
ever, based on our Simon equation fits to previously
published MD simulations [8] for the melting curve, we
estimate that sapphire melts at 4–5.5 Mbar on the
Hugoniot, below our lowest measured pressure. Indirect
evidence for the existence of a phase transition in sap-
phire in this pressure range can be found by examining
the Hugoniot data for sapphire shown in Fig. 1(a), where
the linear Us (shock velocity) to Up (particle velocity)
relation found in measurements below 3.4 Mbar [9] di-
verges significantly from our data when extrapolated to
higher pressures. In contrast, good agreement is achieved
for LiF when a similar extrapolation to high pressures is
performed using data from below 4.8 Mbar [15]. Such a
strong divergence is generally indicative of a phase tran-
sition in the intermediate region.

Shock front reflectivities much greater than a few
percent are a clear indication that delocalized electrons
are present in the shocked liquid [23]. Fresnel reflectiv-
ities (due to bound electron contributions) are estimated
to be only !0:1% based on extrapolations of the scaling
found in previous experiments [6,12,13,24]. To under-
stand the origin of such delocalized electrons we first
note that for strong shocks, the thermal energy increases
much more rapidly than the compressive energy. Over the
gradual increase in reflectivity shown in Fig. 2 shock
temperatures increase by a factor of 3, from 1.6 to
!5 eV, while compression ratios rise by a factor of only
1.25, from !2–2:5.

To quantitatively describe this behavior, we now con-
struct a simple semiconductor model, with a band gap
varying linearly in ion density, to predict the conduction
electron density as a function of temperature, then use
this in a Drude-type model to determine the dielectric
constant and hence reflectivity of the shock front. The
number density of conduction electrons in an intrinsic
semiconductor is given by [25] Ne " 2%mkBT=2$ !h2&3=2 '
F%(Eg=2kBT& where m is the effective electron mass, kB
is Boltzmann’s constant, T is the temperature, Eg is the
energy gap in the electronic density of states (which is
allowed to vary linearly with mass density), and F%&&"
2=

!!!!

$
p R1

0

!!!

x
p

=)1$exp%x(&&*dx is a Fermi-type integral.
In the limit kBT + Eg, the conduction electron popula-
tion is nondegenerate and F%&& reduces to an exponential
function with the result that Ne ! exp%(Eg=2kBT&. Since
shock temperatures in our experiments are several eV, of
the same order as typical band gaps, electron populations

are partially degenerate and the full integral is required.
We assume that the effective electron mass is equal to
the free-electron mass, me. This appears reasonable for
the liquid state and was found to give good results for the
conductivity of a wide range of liquid metals [26]. Note
that in this analysis we also assume that the free-electron
states are singly degenerate.

With this electron density, Ne%T&, we can deter-
mine the relative dielectric constant from ' "
'b)1(!2

p=!2%1$ i=!(&* where 'b is the contribution
due to bound electrons, ! " 3:5' 1015 s(1 for 532 nm
light, and ( is the electron relaxation time. The plasma
frequency !2

p " Nee2='b'0m,, where Ne is the number of
free electrons, e is the electron charge, '0 is the permit-
tivity of free space, and m, is the reduced mass of the
electron, me=2, characteristic of a semiconductor result-
ing from the presence of holes. The relaxation time is
taken as ( " )(min where (min " l=ve is the minimum
scattering time and ) * 1. For a material at the Ioffe-
Regel limit, )! 1. Here l " 2%3=4$Ni&1=3 is the inter-
atomic distance, where Ni is the total number of atoms per
unit volume (Al and O or Li and F) and ve is the average
electron velocity computed by integrating over the Fermi
distribution at a given temperature. The complex index of
refraction, given by n " !!!

'
p

, can then be used to calculate
the reflectivity from R " j%n( n00&=%n$ n00&j2, where
n00 " 1:39%1:77& is the index of unshocked LiF (sap-
phire). The value of 'b " n20 is taken from the estimated
shocked index of refraction n0 based on extrapolation
from previous work (n0 " 0:94n00 for sapphire [6,24]
and n0 " 1:07n00 for LiF [12,13]). Expected uncertain-
ties in these extrapolations have a minimal effect on the
resulting reflectivity prediction [27].

Using this model we can calculate the semiconductor
reflectivity at a known T and Ni subject to three unknown
parameters: the energy gap constants A and B in Eg%#& "
A$ B# and the relaxation time factor ) " (=(min. To
determine these unknowns we perform a least-squares
fit of the model to the measured shock reflectivity as a
function of T and #. The results are illustrated in Fig. 3,
where the reflectivity is plotted versus T, and show that
the model reproduces the form of the reflectivity rise for
both sapphire and LiF very well. At best fit, for sapphire,
( " 1:9(min while Eg drops slightly over the observed
range from 2.7 to 1.6 eV; similarly for LiF, ( " 0:9(min at
best fit and Eg rises slightly from 3.3 to 3.9 eV over the
observed range. Errors in the inferred gap are !2 eV,
since at these high temperatures (unlike at room tempera-
ture) changes in the energy gap of the order of an eVdo not
significantly alter the conduction electron density. Thus
the slight changes in gap energy over the observed range
are not statistically significant. In contrast, small changes
in ( produce significant changes in the steepness of the
reflectivity rise since !( & 1, allowing ( to be deter-
mined to a precision of !20%–30%.

For insight into the conditions at the onset of sig-
nificant electron delocalization we use this model to
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calculate some important physical parameters. For sap-
phire at !5% reflectivity (results are similar for LiF), the
conduction electron density is 4' 1021 cm(3 (compared
to an atomic density of 2:2' 1023 cm(3), the dc conduc-
tivity is 500 "(1 cm(1 and the electron DeBroglie wave-
length (7 Å) is close to the interatomic spacing (2 Å),
satisfying the conditions required for the Ioffe-Regel
limit to be applicable [1]. The Fermi energy, EF, of con-
duction electrons (1 eV) is similar to the temperature
(1.7 eV) as expected for a semiconductor where Eg !
kBT. In contrast, for deuterium at saturated reflectivity
[3], EF - kBT, indicating that the Fermi level is located
in the conduction band as required for metallic behavior.

In developing this model, we have attempted primarily
to provide a simple, physical picture to explain the grad-
ual rise in reflectivity with shock strength observed in
these initially wide band-gap insulators. By treating these
materials as semiconductors pinned near the Ioffe-Regel
limit we show quantitatively how the continuous reflec-
tivity rise is a direct result of thermal activation of charge
carriers across a reduced energy gap. A further feature of
the model is that the reflectivity rise observes no discon-
tinuity if the energy gap goes to zero or, in fact, becomes
negative. It is straightforward to show that for a negative
energy gap, the difference between the Fermi level and
the bottom of the conduction band is just (Eg=2 and the
model describes a free-electron metal. Thus at high tem-
peratures, the phenomenon of gap closure is accompanied
by no discontinuous feature and can be hidden in the
gradual reflectivity rise, smoothing the semiconductor-
to-metal transition.
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FIG. 3. Reflectivity data plotted versus T are shown with the
best fit results (dotted lines) for ( and Eg%#& from the semi-
conductor model. For sapphire, the average Eg over the ob-
served range is !2 eV while ( " 1:9(min. For LiF, the average
Eg is !3:5 eV over the observed range, while ( " 0:9(min.
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